The design of the building envelope involves many considerations. Both indoor and outdoor materials must be durable, resistant to vandalism, easy to maintain, and affordable. They must be strong enough to meet structural and seismic codes, yet appear aesthetically pleasing. The building enclosure affects acoustic comfort as it can attenuate site and traffic noise. The selection of materials for the construction of the building enclosure affects resource efficiency, including transport energy, the volume and type of raw materials that must be extracted from the earth, as well as the energy required for manufacturing and packaging. The building enclosure needs to provide a water barrier to keep out the rain, a thermal barrier to reduce heat losses and gains, an air barrier to reduce infiltration, and a vapor barrier to prevent moisture migration and possible condensation within the structure.
. Steady-state heat flow assumes that temperatures on both sides of the building envelope element (while different) are held constant for a sufficient period so that heat leaving one side of the assembly is equal to heat entering the opposite side. The concept of steady-state heat flow is a simplification because, in the real world, temperatures change constantly. However, U-factor can predict average heat flow rates over time and is commonly used to explain the thermal performance of construction assemblies. Because they are easy to understand and use, the terms for steady-state heat flow (R-values and U-factors) are part of the basic vocabulary of building energy performance.
Most walls are not homogeneous: often there are wood, metal or concrete framing members that may penetrate the insulation and create thermal bridges. Thermal bridges, especially if they are metal, have a significant impact on the performance of the overall assembly, sometimes reducing the insulation effectiveness by more than half. The U-factor accounts for thermal bridges and the conductance of every element of the construction assembly, including the air film conductance on the interior and exterior surfaces.
For light construction frame walls, U-factors provide an adequate description of heat transfer. For heavy concrete and masonry walls, however, U-factors are only meaningful for constant temperature conditions. The dynamic heat storage properties of concrete and masonry alter the thermal behavior of the wall, and the U-factor becomes less accurate as a predictor of heat flow (see later discussion of Thermal Mass).
Thermal performance and U-factors are also affected by the quality of construction. It is especially important for the insulation to be in direct contact with the air barrier. If there is a gap between the air barrier and the insulation, then air currents can render the insulation virtually useless. This is especially a problem in attic knee walls and other similar situations. Another common insulation quality issue are voids or gaps in the insulation which are common around electrical equipment and other wall or roof penetrations. Yet another problem is insulation compression; if the insulation thickness is reduced through compression, its rated R-value is not achieved. Insulation quality problems are widespread-the California Energy Commission assumes faulty construction and degrades the U-factor of framed wall, roof, and floor constructions unless they are inspected by an expert.
R-values
R-values are also used to describe steady-state heat flow but in a slightly different way. Where U-factor takes account of the overall construction assembly, the R-value is a material property, like density, specific heat, and conductance. A larger R-value has greater thermal resistance, or more insulating potential, than a smaller R-value. (Of course, the opposite is true with U-factors-the lower the better.)
R-values are widely recognized in the building industry and are used to describe insulation effectiveness. The insulation R-value does not describe the overall performance of the complete assembly, however. It only describes the thermal resistance of the insulation material. Keep in mind that U-factor, not R-value, is what matters and the U-factor is affected by many factors other than the thermal resistance of the insulation material (see previous discussion).
The R-value of insulating materials is also dependent on its temperature. All insulation is rated at 75ºF (intended to be close to room air). The rated Rvalue of insulation increases at lower temperatures and lessens at higher temperatures. The primary reason for the temperature dependency is that most insulation products consist of trapped air, and while air is a good insulator, its thermal properties change with temperature. For example, light density fiberglass batts provide R-3.2 per in. at 75ºF and R-2.7 per in. at 115ºF, which may be the temperature in an attic on a hot day-a 16% reduction in the R-value. The impact of temperature may be greater with loose fill insulation if the density is not adequate, because convection air currents may occur within the insulation.
The following table compares and contrasts common insulation types. Several criteria should be used when selecting insulation: total installed cost, ease of installation, health and safety issues, sound control, fire resistance, water permeability, and settling. 
Thermal Mass
Mass is another important characteristic that affects the thermal performance of construction assemblies. Heavy walls, roofs, and floors have more thermal mass than light ones. Thermal mass both delays and dampens heat transfer (see Figure E -2). The time lag between peak outdoor temperature and interior heat transfer is between four and twelve hours depending on the heat capacity of the construction and other characteristics. The impact of thermal mass is greater in climates where there is a large temperature difference between night and day (such as mountain and desert climates). Thermal mass has far less impact when outdoor conditions are steadily hot or cold.
.
Figure E-2: Time Lag and Damping Effects of Thermal Mass
The benefits of thermal mass in stabilizing indoor temperature are greater when the insulation is placed on the exterior side of the construction assembly. If the mass is allowed to cool at night, it will absorb heat during the day and reduce the cooling load. If the interior thermal mass is exposed to sunlight, it will warm during the day, release the heat at night, and reduce the heating load. Thermal mass used in this way is a basic principal of passive solar design and may be appropriate in cold climates. 
Figure E-3: Mass Wall Constructions
HC is the metric used to quantify thermal mass. HC is the amount of heat in Btu that must be added to 1 ft 2 of surface area to uniformly elevate the temperature of the construction by 1°F. The units are Btu/ft 2 ·°F. HC is the sum of the heat capacity of each individual layer in the wall. The heat capacity of each layer is the density of the material times its thickness times its specific heat (all in consistent units). HC can be approximated by multiplying the weight of a square foot of wall, roof, or floor by 0.2. For example, a wall with a weight of 100 lb/p ft² has an HC of approximately 20 Btu/ft 2 -°F. Many energy standards (including ASHRAE Standard 90.1) consider HC as a factor in the overall performance of walls.
Concrete, which has high thermal mass, does not have a high R-value. However, some varieties are better than others. Aerated concrete has entrained air bubbles, which makes the concrete lighter and also improve its . insulating ability. Low-density aggregates such as perlite or vermiculite can also be used to produce lightweight concrete.
Cool Roofs
Heat transfer is also affected by the reflectance and emittance of the exterior surface. This is especially important for roofs. In fact, the term "cool roof" is used to describe those with favorable surface characteristics. Cool roofs have two key features. First, they have a high solar reflectance, which means that they are light in color. The high reflectance means that solar radiation is reflected rather than absorbed by the roof surface, keeping the surface temperature lower and reducing heat gain. Second, cool roofs have a high (or normal) emittance. Emittance is the percentage of energy that is radiated from a surface. Galvanized metal and other metallic finishes have a low emittance, which means that when they warm up, they can not easily release their heat by radiating it back to the sky.
Radiant Barriers
One last feature of construction assemblies that deserves some discussion is radiant barriers. Many construction assemblies have a large cavity. An attic, for instance, is a cavity separating the roof from the ceiling. In construction assemblies that have a cavity, much of the heat transfer is radiation from the warmer surface to the colder surface. A radiant barrier can significantly reduce this component of heat transfer. A radiant barrier is a shiny metallic surface on one or more sides of the cavity that has a low emittance. While radiant barriers are most commonly used in attics, they can also be used effectively in exterior walls that are not shaded by overhangs or neighboring buildings.
Other Building Envelope Performance Factors
The thermal performance of the building envelope is only one consideration. The building envelope must serve other functions as well. It needs to provide a moisture barrier so the rain cannot get in, an air barrier to reduce leakage, and a vapor barrier to control humidity and condensation.
Moisture (Rain) Barrier
Keeping the rain out is perhaps the most basic and fundamental function of the building envelope. Providing moisture protection is achieved through selecting water shedding exterior materials; through careful flashing and weeping at building envelope openings such as windows, doors, and junctions between exterior wall materials. Caulking is needed for many types of construction.
Mold can grow in wet or damp construction cavities, attics, and plenums and can contribute significantly to indoor air quality (IAQ) problems. In addition, moisture can damage the structure and degrade the performance of insulation, increasing energy and operating costs.
Air Barriers & Air Retarders
Another important function of the building envelope is to keep outside air from entering the building. This is the function of the air barrier. Typical air barrier materials can include gypsum board or plywood, but the challenge with these materials is to seal the joints between panels. Another, perhaps more difficult, challenge is to seal the joints between different construction assemblies such as the joint at windows or floors, etc. Because of the difficulty involved in sealing the joints between panels and construction assemblies, modern air barrier designs often include a special layer designed to reduce and control infiltration or air leaks. Special air barrier layers or "housewraps" are thin plastic membranes that are sandwiched between the sheathing and the exterior finish. Positioning the air barrier between rigid panels enables the pressure between the inside and the outside of the building to be safely transferred to the building structure without the membrane bellowing. Other air barrier systems consist of peel-and-stick membranes that are applied to exterior gypsum board or plywood. These are more air impermeable and also provide a vapor barrier.
Both the terms air barriers and air retarders are commonly used in the design and construction professions, but they mean slightly different things. An air barrier is a layer within the construction assembly (e.g., exterior plywood sheathing) where half of the total pressure drop between the inside of the building and the outdoors occurs. An air retarder, on the other hand reduces airflow, but accounts for less than 50% of the total pressure drop.
Achieving a continuous airtight barrier is a challenge to both the design and construction teams.
.

Vapor Retarders & Vapor Barriers
Water vapor can enter the building or construction cavities through the process of water vapor migration. Water vapor migrates from the warm and humid side of the construction assembly to the cold dry side of the construction assembly. As the water vapor moves through the construction assembly and cools, it may condense into water molecules that can accumulate, cause damage, and support mold growth.
Building Science Inc. has identified three classes of vapor barriers and retarders based on the permeability of the material (see sidebar and Table E-2). Class I materials have a permeability of 0.1 or less. Class II materials have a permeability of 1.0 or less. Both are considered impermeable and are considered vapor barriers. Class III materials have a permeability of 10.0 or less and are considered vapor retarders, rather than vapor barriers.
To prevent or reduce water vapor migration, a vapor barrier or retarder should be installed within the construction assembly in most climate zones. For colder climates, a vapor barrier should be on the interior side and in hot humid climates a vapor barrier should be on the exterior side of the wall. Table E-3 has recommendations for all the climate zones.
In addition to correctly installing a vapor retarder, it is also important to adequately ventilate spaces where moisture can build up. Most building codes require that attics and crawl spaces be ventilated, and some require a minimum 1-in. clear airspace above the insulation for ventilation of vaulted ceilings. Even the wall cavity may need to be ventilated in extreme climates.
A vapor barrier should be installed under slabs with ventilated gravel in areas with soil gas contaminants like radon or methane. Vapor barriers should also be installed under slabs to mitigate ground moisture. 
Terminology
Moisture Barrier. A set of building envelope components designed to prevent rain from entering the building.
Vapor Barrier. An impermeable membrane (perm rating 1.0 or less) that blocks moisture migration through construction assemblies. Examples include vinyl wall coverings, oil based paints, and aluminum foil.
Vapor Retarder. A semi-permeable material (perm rating of 10.0 or less) that retards but does not block moisture migration. Examples include asphalt impregnated building papers.
Smart Vapor Barrier.
A material that has a low permeability when exposed to dry conditions (relative humidity in the range of 30% to 35%) and becomes semi permeable when exposed to more humid conditions (relative humidity above 50%).
Air Barrier. Systems of materials that completely enclose the air within a building. To qualify as an air barrier, 50% of the pressure drop across the entire construction assembly must occur at the air barrier layer.
Air Retarder. A system of materials that reduce airflow or control airflow across the assembly, but account for less than 50% of the pressure drop across the entire assembly. . 
Integrated Solutions
The air barrier, the vapor barrier, and the thermal barrier (insulation) should work together. For the insulation to be effective, it must be in direct contact with the air barrier so that live air currents cannot occur, which would shortcut the effectiveness of the insulation. Obviously, the benefit of insulation is negated if the wall or roof assembly has holes through which air can freely pass. Another challenge in air barrier design is to provide a means for the pressure difference between the inside and the outside of the building to be safely transferred to the building structure.
Depending on the climate and the position of the insulation, the vapor barrier and the air barrier may be the same thing. For instance, a common wall construction technique that works in most climates is to place a peel and stick combination air barrier and vapor barrier on the exterior side of the building sheathing. A rigid insulation is them placed over this and then the exterior finish material, e.g., brick, stucco, siding, etc. This system works in most climates.
Fenestration Products
High-performance fenestration features include double glazing, low-emittance coatings, blue/green tints, and advanced frame construction. These have become a very important means of energy conservation in modern construction to reduce both thermal losses and solar gains. Fenestration has three principal energy performance characteristics, which have been identified by the National Fenestration Rating Council (NFRC) to be tested and labeled on manufactured windows: Visible light transmittance (VLT), solar heat gain coefficient (SHGC), and U-factor. NFRC ratings may not be available for some fenestration products (in particular site-built windows and skylights).
VLT is the fraction of light that is transmitted through the glazing. Light is that portion of solar radiation that is visible, meaning it has a wavelength between about 380 and 780 nanometers. Single clear glass has a VLT of about 0.90, while highly reflective glass can have a VLT as low as 0.05. The quantity of daylight that enters a window or skylight is directly proportional to the VLT. In general, VLT should be as high as possible, provided it does not create glare or other visibility problems.
SHGC measures the solar heat gain through a window. A window that has no solar gain would have a SHGC value of zero, while a perfectly transmissive glazing would have a SHGC of 1.0. These extremes are both theoretical concepts that are not possible in the real world. Except in passive solar applications where solar heat gain is desired, everything else being equal, glazing materials should be selected with the lowest possible SHGC. However, glazing materials with a low SHGC (like dark gray and bronze tints) may also have a low VLT, so the challenge is to identify specialized "selective" low-e products and blue/green tints that combine the lowest SHGC with the highest VLT.
Shading coefficient (SC) is the ratio of heat gain through the glazing compared to 1/8 in. clear, double strength glass. As a measurement, SC is being replaced by SHGC, which is the preferred measurement to quantify heat gain.
U-factor measures the heat flow through a window assembly due to the temperature difference between the inside and outside. The lower the U-factor, the lower the rate of heat loss and of heating energy consumption. Everything else being equal, the U-factor should be as low as possible. The fenestration frame and glazing edge spacers degrade the U-factor of an insulated glass assembly. So two U-factors are frequently specified: the center of glass (COG) value, which is the U-factor measured at the center of the assembly, and the whole-window value, which is the overall U-factor of the glazing plus the spacer and frame system. (The whole-unit value will usually be higher than the COG value.) Single pane windows typically have a U-factor in the range of 1.0 to 1.2 COG; double pane windows range from 0.65 to 0.45 COG. With low-e coatings, inert gas fills, and multiple glazings, the U-factor can be as low as 0.1 COG.
Other glazing considerations include diffusion, transparency, and durability:
Diffusion and Transparency-Transparent glazing materials provide views, but diffuse materials can spread daylight better in the space. Diffusion is one of the most important characteristics in selecting a skylight. Good diffusing glazings maximize the spread of light in the space and minimize "hot spots" and glare. Diffusion may be accomplished by using a white pigment, a prismatic surface, or embedded fibers. Unfortunately, specifications on diffusion properties are rarely available for fenestration products. Thus, samples of diffusing glazing materials should be visually evaluated to see how well they diffuse direct sunlight. A simple test is to place the product in the sun and see if it allows your hand to cast a shadow. A fully diffusing material will blur the shadow beyond recognition and will not concentrate the sunlight into local hot spots. Note that diffusing glazing placed in direct sunlight can be glaringly bright if it is within the field of view. It should be placed above the direct line of sight or be obscured by baffles.
Durability-Characteristics such as ultraviolet (UV) degradation (yellowing and other aging effects), structural strength, scratch resistance, breaking and fire resistance, along with replacement cost and availability, should be considered in selecting a glazing material.
The frame holds the glazing material in place and forms the structural link with the building envelope. The frame and the spacer between the glazing panes in multiple glazed units form a thermal short circuit in the insulating value of the fenestration. This degradation of the U-factor at the fenestration perimeter can be minimized with high-performance frame and spacer technologies now available. This is important both for energy conservation and the potential for condensation on the frame.
Frames are available in metal, wood, vinyl, composite, and fiberglass. Metal frames conduct the most heat and must have a thermal break for good performance. Insulated vinyl and fiberglass frames have the lowest Ufactor. The NFRC has established a rating system to evaluate the whole window performance including the frame, spacer, and glazing. More information can be found at www.nfrc.org. See also Basic Criteria 1.6: Window, Door & Skylight Certification. The whole-window U-factor, VLT, and SHGC is shown on a label attached to all rated windows.
Design Tools
The thermal performance of construction assemblies can be calculated in many ways. The appropriate method depends on the type and complexity of the construction assembly. The basic calculation methods include:
Series Calculation Method is the easiest way of calculating U-factor, but its use is limited to constructions that have no framing and are made of homogenous materials.
Parallel Path Calculation Method, a simple extension of the series calculation method, can be used for wood-framed assemblies. You separately calculate the U-factor through the solid wood and the insulated cavity and take the weighted average.
. Effective R-Value (Isothermal Planes) Method uses principles similar to the series and parallel path calculation methods and is appropriate for construction assemblies such as concrete masonry and metalframed walls/roofs where highly conductive materials are used in conjunction with insulated or hollow cavities.
Two-Dimensional Calculation Method may be used to accurately predict the U-factor of a complex construction assembly. Calculating two-dimensional heat flow involves advanced mathematics and is best performed with a computer.
Testing is the most accurate way to determine the U-factor for all types of construction, except slabs-ongrade. But it is costly and time consuming, and because a large variety of possible construction assemblies exist, it is impractical to test them all. Often, testing is used for generic construction assemblies and calculations are used to adjust these results for other situations.
More details on these calculation methods can be found in the American Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE) Handbook-Fundamentals. Table E-4 provides guidance on which method can be used with different types of construction assemblies. 
Computer Programs
The calculation methods described above are implemented in a number of design tools and computer programs.
General-purpose energy simulation programs such EnergyPlus can be used to calculate the energy savings of various construction assemblies. With these programs, the dynamics of heat transfer are modeled. In fact, EnergyPlus models the temperature gradient in constructions. DOE-2, on the other hand, uses a more simple response factor method.
The Therm program available from Lawrence Berkeley National Laboratory is designed primarily to analyze window frames, but can be used for any type of two-dimensional heat transfer analysis. This program can be downloaded from http://windows.lbl.gov/software/therm/therm_getacopy.htm.
. The EZFrame program, available from the California Energy Commission (CEC), can be used to calculate the U-factor of metal framed wall and roof constructions and accounts for many features such as the gauge of the steel used for framing members, the percent of knockouts in the web, and insulating tape between the framing members and the sheathing. Web site: www.energy.ca.gov/efficiency/computer_prog_list.html.
Pre-Calculated Data
The U-factor of common constructions has been pre-calculated, and values are published in a number of sources. Appendix A of ASHRAE Standard 90.1-2001 has published values in both inch-pound and metric (SI) units. Constructions include walls, roofs, floors, slabs, and below-grade walls. These values are also contained in the EnvStd 4.0 computer program, which can be downloaded from www.archenergy.com.
